Evidence of oxidative stress, and the accumulation of fibrillar amyloid β proteins (Aβ) in senile plaques throughout the cerebral cortex, are consistent features in the pathology of Alzheimer's disease. To define a mechanistic link between these two processes, various aspects of the relationship between oxidative lipid membrane damage and amyloidogenesis were characterized by chemical and physical techniques. Earlier studies of this relationship demonstrated that oxidatively damaged synthetic lipid membranes promoted amyloidogenesis. The studies reported herein specify that 4-hydroxy-2-nonenal (HNE) is produced in both synthetic lipids and human brain lipid extracts by oxidative lipid damage, and that it can account for accelerated amyloidogenesis. Aβ promotes the coppermediated generation of HNE from polyunsaturated lipids and HNE, in turn, covalently modifies the histidine side chains of Aβ. HNE-modified Aβ have an increased affinity for lipid membranes, and an increased tendency to aggregate into amyloid fibrils. Thus, the prooxidant activity of Aβ leads to its own covalent modification, and to accelerated amyloidogenesis. These results illustrate how lipid membranes may be involved in templating
that lipid oxidation products such as HNE modify Aβ and increase Aβ misfolding (20) (21) (22) (23) (24) (25) . Moreover, the immunoreactivity of antibodies to HNE-modified His residues localizes to amyloid plaques (26;27) . This suggests that not only does Aβ promote lipid oxidation, but that there may also be a mechanistic link between the lipid oxidation products formed during oxidative stress and Aβ misfolding (21) . Conversely, several lines of evidence suggest that Aβ contribute to oxidative stress. For example, the overexpression of Aβ in transgenic mice, in C. elegans, and in cell culture, results in an increase in biomarkers of oxidative stress and in HNE production (28) (29) (30) . The mechanism underlying this relationship is unknown, but Aβ complexed with Cu(II) promote the oxidation of diverse substances including cholesterol and phospholipids (31) (32) (33) (34) (35) . Furthermore, lipid oxidative products and lipid susceptibility to oxidative damage are increased in AD (1;3;19;36-39) We have previously demonstrated that oxidatively damaged lipid membranes promote the misfolding and aggregation of amyloid β proteins (Aβ) into fibrils, and that misfolded Aβ promote oxidative damage in synthetic lipid membranes. In further investigations of these phenomena described below, we have verified that Aβ promote oxidative damage in human brain lipids, identified HNE as an oxidation product that by itself mimics the effect of oxidatively damaged membranes on the misfolding and aggregation of Aβ, identified the nature of the chemical reaction between HNE and Aβ, and demonstrated that HNE modification of Aβ promotes misfolding, aggregation, and membrane association. Most significantly, we have demonstrated that Aβ are covalently modified by the HNE that they help produce. This represents a positive feedforward mechanism involving oxidative damage and aggregation, in which Aβ promotes oxidative damage, and the products of oxidative damage promote fibril formation.
MATERIALS AND METHODS
Materials -Synthetic 1-stearoyl-2-arachidonyl-snglycero-3-phosphocholine (SAPC) in chloroform, and 1,2-dimyristoyl-sn-glycero-phosphocholine (DMPC) powder, were obtained from Avanti Polar Lipids (Alabaster, AL). SAPC was packaged as 10 mg aliquots in sealed glass ampules, under argon, stored at -80 o C, and lyophilized overnight prior to use. Excision grade trypsin and the endoproteinase Asp-N were obtained from Calbiochem (EMD Biosciences, LaJolla, CA). The trypsin stock concentration was 1 μg/μl in 50mM ammonium bicarbonate at pH 8.5, and the Asp-N stock was 0.04 μg/μL in H 2 O. 4-hydroxy-2-nonenal (HNE) and deuterated HNE (d 3 -HNE) were purchased from Cayman Chemical (Ann Arbor, MI.). 3,5-Di-tert-butylhydroxytoluene (BHT), O-2,3,4,5,6-(pentafluorobenzyl)hydroxylamine hydrochloride (PFBH), diethylenetriaminepenta-acetic acid (DTPA) and bis(trimethylsilyl)trifluoroacetamide (TMS) were obtained from Sigma-Aldrich (St Louis, MO). α-cyano-4-hydroxycinnamic acid (CHCA) and 2,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid) (>99% pure) were also obtained from Sigma-Aldrich. Water was purified through an Elix and MilliQ A10 synthesis water purification system (Millipore, Bedford, MA). When needed, Cu(II) was added as CuSO 4 . Although several experiments were nominally free of Cu(II) ions, no special procedures were employed to remove trace amounts of Cu(II) except where noted.
Lyophilized Aβ (Aβ40) and Aβ 1-42 (Aβ42), both at >95% purity, were obtained from rPeptide (Athens, GA). Aβ [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , Aβ [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and Aβ [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] were obtained from American Peptide Company (Sunnyvale, CA). Aβ [16] [17] [18] [19] [20] (KLVFF) (40) was obtained from Bachem Bioscience (King of Prussia, PA). Before use, proteins were stored desiccated at -20°C.
Stock solutions at a concentration of 0.5 mg/ml were prepared by dissolving Aβ40 and Aβ42 in HFIP, dissolving Aβ [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , Aβ [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and Aβ [16] [17] [18] [19] [20] in H 2 O, and dissolving Aβ [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] in 30% ACN with 0.1%TFA. HFIP in the Aβ40 and Aβ42 stocks was evaporated immediately prior to use, and the proteins were redissolved in aqueous buffer at concentrations of 1-5 μM. Aβ 1-28 , Aβ 1-11 , Aβ [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and Aβ [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] stocks were diluted into aqueous buffer at concentrations of 1-5 μM. Extraction of brain lipids -Frozen samples of normal human brain tissue from the temporal cortex were obtained from the Center for Neurodegenerative Disease Research Brain Bank, at the University of Pennsylvania. Lipids were extracted from ~40 mg specimens using a modified Folch method, described below (41;42) . To minimize lipid oxidation during the extraction process, samples and aqueous solvents were purged with argon. The tissue was homogenized with an ultrasonic tip dismembranator in 10 ml/gm of methanol for 2 x 10 seconds on ice. 20 ml/gm of chloroform was added and the tissue was further sonicated for 2 x 10 seconds at room temperature. After centrifugation at 5000 x g for 2 minutes, the supernatant was removed and kept. The pellet was re-suspended in 30 ml/gm of chloroform: methanol (2:1) sonicated for 2 x 10 seconds on ice, incubated at room temperature for 5 minutes, and centrifuged as before. This supernatant was added to that of the first extract. The combined supernatants were sequentially washed with 0.88% potassium chloride, and then methanol:saline (1:1), to remove non-lipid contaminants such as salts, amino acids, sugars and urea. Following low-speed centrifugation after the final wash, the lower organic layer was removed, lyophilized and extruded into lipid vesicles as described below. Lipid vesicle preparation, oxidation, and analysis -SAPC, DMPC, and brain lipid extract vesicle suspensions were prepared by extrusion as previously described (32) . Immediately prior to use, aliquots were mixed with 5 mM HEPES, pH 7.5, and oxidation was initiated by the addition of ascorbate and Cu(II). Final concentrations in these suspensions were 10 μM SAPC and 25 μM DMPC, or 10 μM brain lipid and 1 μM DMPC in a final volume of 400 μl. Where Aβ42 was used, it was premixed with Cu(II) and incubated for 30 min prior to the addition of other reactants as previously described (32) . Quantitative determination of SAPC content relative to a DMPC internal standard, was performed by multiple reaction monitoring (MRM) mass spectrometry (LC/MS/MS) as previously described (32) . HNE assay -HNE concentrations were determined by following HNE derivatization, organic extraction, and gas chromatography mass spectrometry (GC/MS) similar to the previously described method (43) . The samples (400 μl) were analyzed 120 mins after initiating oxidation. At this point 10 μM DTPA was added to stop oxidation, 620 nM d 3 -HNE was added as an internal standard, and the HNE within the mixture was derivatized with 16 mM PFBHA for one hour at room temperature. At this point, samples were extracted with 2 volumes of chloroform:methanol (2:1). Following low-speed centrifugation the lower organic layer was removed, passed through a 0.45 μm PTFE filter and dried under nitrogen. The dried material was dissolved in 10 μl pyridine and further derivatized by adding 10 μl of bis(trimethylsilyl)trifluoroacetamide. After 10 min, the samples were dried, dissolved in 100 μl of dodecane, and assayed with the GC/MS in negative ion electron capture ionization mode using ammonia as the collision gas. A temperature program increasing at a rate of 30°C/min from 190 to 250°C was used to separate the derivatized d 3 [16] [17] [18] [19] [20] were added to reduce aggregation of HNE modified Aβ. The reaction of Aβ with HNE was terminated by addition of an equal volume of TFA and the samples were lyophilized. For samples subjected to Asp-N digestion, the reaction between HNE and Aβ was terminated by the addition of an equal volume of 100 mM ammonium bicarbonate solution at pH 8.5. The reaction of any excess HNE with ammonium ions allowed for subsequent digestion of the Aβ-HNE adducts with Asp-N. 30 μl of the HNE/Aβ reaction mixture (~1 μg of Aβ) was quenched with 30 μl of 100 mM ammonium bicarbonate pH 8.5. 1 μl of Asp-N (0.04 μg) was added to 60 μl of this mixture (~1 μg of Aβ) and incubated overnight at 37 o C. The enzyme was inactivated by adding 60 μl of TFA, and the sample was lyophilized.
For MALDI mass spectrometry, the Aβ-HNE adducts or Aβ-HNE adduct digests were dissolved in either 30 μl of a CHCA solution (5 mg CHCA in 1 ml of 50% ACN with 0.3% TFA) or sinapinic acid solution (10 mg sinapinic acid in 30% ACN with 0.3% TFA). MALDI analysis was performed on TOF, Q-TOF, and TOF-Q-TOF instruments (Voyager DE, QStar, and model 4700 mass spectrometers, respectively; Applied Biosystems/MDS Sciex, Foster City, CA). Immunoblot analysis of Aβ and Aβ-HNE adductsMurine anti-His-HNE monoclonal antibody (HNEJ-2) was obtained from Genox Corporation (Baltimore, MD) (44) . 6E10 antibodies with specificity for Aβ residues 4-9, and 4G8 antibodies with specificity for residues 18-4 22, were obtained from Senetek (Maryland Heights, MO) via kind gift from Domenico Pratico. Donkey anti-mouse antibody conjugated to horseradish peroxidase (SC2314) was obtained from SantaCruz Biotechnology (Santa Cruz, CA).
Slot blots were used to detect the modification of Aβ by endogenous HNE generated during lipid oxidation. 200 μl of the Aβ oxidation reaction solution containing 4.5 μg of protein was mixed with 200 μl of 100 mM ammonium bicarbonate, pH 7.5. Samples were adsorbed onto 0.2 μm nitrocellulose membranes by slot blot microfiltration (Bio-Dot SF microfiltration apparatus) and the wells were washed twice with 50 mM Tris, 150 mM NaCl, pH 7.4. Membranes were blocked with a 5% solution of powdered fatfree milk (BLOTTO in TTBS, Biorad). The slot blot membranes were incubated overnight with 15 μg/ml of the antibody to HNE-modified histidine (HNE-J) at 4 o C. Following washes in TTBS and incubation of the membranes with secondary antibody (1:1000 dil) for 1 hour, the blot was incubated with Renaissance Luminol Reagents (NEN Life Science Products, Inc.). X-Omat Blue XB-1 film (Eastman Kodak Co.) was exposed to blots of synthetic lipids for 10 sec, and to blots of brain-derived lipids for 10 min. Quantification of the slot blot was performed by digitally scanning the X-Omat film and measuring film background and slot blot image densities with ImageQuant TL software (Molecular dynamics, CA).
Western blots were used to detect Aβ and modification of Aβ with excesses of synthetic HNE. Both synthetic Aβ and HNE modified Aβ were electrophoresed on a Tris-tricine 10-20% PAGE gel (72 ng protein per well) and were transferred to 0.2 μm nitrocellulose membranes. The membranes were removed, washed with Tween in Tris-buffered saline (TTBS, 0.1% Tween 20 in 150 mM NaCl, 20 mM Tris, pH 7.6). Aβ epitope retrieval was performed by boiling the unblocked membrane in PBS for 5 mins. The membranes were imunoblotted overnight at 4 o C with the HNEJ-2 antibody and Aβ antibodies (4G8, 1:200 and 6E10, 1:500). Then they were washed, incubated with Luminol reagents, and exposed in the same manner as the slot blots. Congo Red (CR) binding assay -Aβ40 (10 μM) or Aβ42 (2 μM) were incubated at a 1:1 mole ratio with DMPC vesicles containing 3 mole% HNE, in PBS (150mM NaCl, 10mM sodium phosphate, pH 7.4) at room temperature with continuous gentle agitation. The HNE concentrations were therefore 0.3 μM and 0.06 μM for Aβ40 and Aβ42, respectively. At intervals, aliquots of Aβ40 (112 μl) and Aβ42 (98 μl) were added to 28 μL or 42 μL, respectively, of 10 μM CR in PBS and incubated for 30 mins at room temperature. Fibril formation was assayed by measuring the ratio of sample absorption at 541 nm and 403 nm, which are the wavelengths of maximum difference and of an isosbestic point for fibril-bound CR and unbound CR, respectively. Infrared Spectroscopy -Polarized attenuated total internal reflection Fourier transform infrared (PATIR-FTIR) spectra were collected in rapidscanning mode as 1024 co-added interferograms using a Bio-Rad FTS-60A spectrometer, a liquidnitrogen cooled MCT detector, an aluminum wire grid polarizer, a resolution of 2 cm -1 , scanning speed of 20 kHz, triangular apodization, and one level of zero filling. Supported lipid monolayers, composed of either DMPC or brain lipid extract, were prepared in a Langmuir trough by applying approximately 5 nmole of DMPC in a mixture of hexane:ethanol (9:1 by vol) to the surface of a subphase buffer.
An enclosure around the Langmuir trough is filled with argon to avoid spontaneous air oxidation of lipids at the air-water interface, and all studies were performed at approximately 21°C.
The subphase buffer contained 30 mM HEPES buffer in D 2 O at pD 7.4. When indicated, an aliquot of HNE in ethanol was lyophilized, resuspended in subphase buffer, and injected into the subphase before forming the monolayer. For DMPC membranes, 5 μl of 28 mM HNE stock was injected into 6 ml subphase to yield an HNE concentration of 23 μM in the subphase. For brain lipid extracts, 10 μl of a 32 mM HNE stock solution was injected into a 2.5 ml subphase volume to yield an HNE concentration of 128 μM in the subphase.
The monolayer was compressed to a surface pressure of 20 dynes/cm and applied onto a silanetreated germanium internal reflection crystal as previously described (45) . At this point, 5 μl of 28 mM HNE stock in ethanol, was lyophilized, resuspended in the subphase buffer, and injected into the subphase. After collecting a baseline spectrum, 500 ng samples of Aβ40 or Aβ42 in 30mM NaDPO 4 buffer, pD 11.9 were injected into the continuously stirred subphase to yield a protein concentrations of 300 nM in experiments with DMPC, and 230 nM in experiments with brain lipid extracts. Sample spectra were collected over 90 and 125 min, as indicated. A flat baseline correction was performed on sample spectra assuming zero absorbance at 1800 cm -1 , but no water vapor subtraction or smoothing manipulations were performed. The spectra were fitted using IRfit, a procedure that fits a limited set of component bands simultaneously to several spectra with a minimum number of adjustable parameters (46) . In the present study, one simultaneous fit was performed on twelve spectra from three independent experiments. Only the spectra region between 1700 and 1600 cm -1 was fitted.
RESULTS

Aβ42 and brain lipid oxidation -
The ability of Aβ42 to promote the oxidation of SAPC in human brain lipid extracts was measured using an MRM-LC/MS/MS assay as previously described (32) . This assay is superior to many other assays of oxidative damage in that it yields precise and unambiguous quantitative information about oxidative loss of a specific substrate. Two adaptations of the conditions previously described for synthetic lipids were necessary for the application of this assay to human brain lipid extracts. First, brain vesicle suspensions with phosphate concentrations of 10 μM contained virtually no DMPC by MRM-LC/MS/MS. Therefore, 1 μM DMPC was added to all brain lipid vesicles as an internal standard. The SAPC concentration in these extracts was 0.34 ± 0.1 μM. Second, 1.5 mM MgSO 4 was added to minimize sequestration of Cu(II) by anionic lipids.
Ascorbate (50 μM) and Cu(II) (0.5 μM) reduced SAPC to 79 ± 19% of original levels after 120 min (figure 1). The addition of 5 μM Aβ42 decreased it to 38 ± 16% of its original level over the same time interval. These results are consistent with previously reported results from synthetic SAPC and DMPC vesicle, although the variability of the data was considerably larger in these human lipid extracts (32) . The data in figure 1 only represents four of the five extracts that were examined. Lipids from brain specimen 3 (table 1) had only about half of the SAPC content as the other samples, and is was completely resistant to oxidation with or without Aβ42 present. Therefore, this sample was excluded from our analysis. Endogenous HNE generation during Aβ promoted lipid oxidation -Endogenous HNE production during oxidation of synthetic lipids and brain lipid extracts was measured by GC/MS. In synthetic lipid vesicles the action of Cu(II) and ascorbate on 10 μM SAPC yields 6.3±0.6 nM HNE, and the addition of Aβ42 increases this level to 13.4±0.9 nM (figure 2). Chelation of Cu(II) by DTPA, or inhibition of oxidation with BHT eliminates HNE production. The apparent yield of HNE from SAPC was 0.06% in the absence of Aβ42, and 0.13% in the presence of Aβ42. However, the true yield may be higher due to reactions between HNE and protein side chains (see below). In brain lipid extracts (10 μM total phosphate concentration), free HNE concentrations were below our limits of detection (< 0.5 nM). This is expected since SAPC contains most of the ω-6 fatty acyl chains that can produce HNE in brain lipid, and a 0.13% yield from 0.34 μM SAPC would only produce 0.44 nM HNE. Nevertheless, immunoblot data presented below demonstrate that substantial amounts of HNE reaction products are produced. Covalent modification of Aβ40 and Aβ42 by exogenous HNE -Aβ40 and Aβ42 were treated with excess HNE to generate HNE-Aβ adducts for analysis by mass spectrometry. Simple incubation of 100 μM HNE with 5 μM Aβ40 or Aβ42 for 3 hours at 37°C yields insoluble amorphous aggregates by electron microscopy (data not shown). This physical state precluded study with ESI-MS, however MALDI-Q-TOF-MS of HNEmodified Aβ40 detected unmodified protein at 4329.5 m/z and three HNE modified species at 4485.5, 4641.6, and 4797.6 m/z (figure 3). These peaks represent sequential mass shifts of 156 m/z, and are characteristic of Michael addition reactions involving HNE.
To determine the residues modified by HNE, 5.0 μM Aβ42 was incubated for one hour in 10mM phosphate buffer, pH 7.4, at 37 o C, then digested with Asp-N overnight. Despite any aggregation that ensued during the first hour, the expected proteolytic fragments corresponding to Aβ 1-6 , Aβ [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and Aβ [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] were identified by MALDI-TOF-Q-TOF-MS (figure 4a).
The identities of peaks at 1483 m/z and 1944 m/z are not clear, but the former may be Aβ [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] resulting from N-side cleavage at Glu11.
When 5.0 μM Aβ42 was incubated for one hour at 37 o C with 3.8 mM HNE, the insoluble aggregates that formed precluded mass spectrometric analysis. Therefore, 2.5 mM DMPC in the form of 100 nm lipid vesicles, and 50 μM of the Aβ aggregation inhibitor Aβ [16] [17] [18] [19] [20] Mass shifts of 156 amu are likely to represent Michael adducts between HNE and the His residues at positions 6, 13, and 14. Mass shifts of 138 amu upon HNE treatment may indicate Schiff base formation with Lys residues, however this modification would not occur on a His residue. Moreover, samples were not treated with a reducing agent to stabilize any Schiff bases that form. Michael adducts involving HNE may cyclize to form a hemiacetal (15;16;47;48) , however the mass shifts would remain 156 amu in both cases. Therefore, the most likely modification by HNE that would account for a 138 amu shift is formation of the hemiacetal from the Michael adduct followed by dehydration to form a dihydrofuran (14) . This reaction may require catalysis by an adjacent His residue, however, since a mass shift of 276 (=2x138) amu was not observed. The cyclic product known to form with His-X-Lys tripeptides and 4-oxy-2-nonenal would exhibit a mass shift of 118 m/z (49) and was not observed in our spectra. Western Blot characterization of His-HNE adduct -HNEJ-2 antibodies identified HNE-modified Aβ as sharp bands migrating at ~100 kDa, and several faint bands between 150-200 kDa (figure 7). These antibodies did not react with unmodified Aβ.
4G8 and 6E10 antibodies reacted with unmodified monomeric Aβ and higher molecular weight oligomeric species up to about 56 kDa. HNE modification reduced the amounts of monomeric and oligomeric Aβ that were observed, and created high molecular weight smears. Most importantly, however, 4G8 and 6E10 antibodies did not react with the HNE-modified Aβ that migrated at ~100 kDa. Covalent modification of Aβ42 by endogenouslyproduced HNE -Compared to the millimolar concentrations of exogenous HNE used above to create HNE-Aβ adducts for mass spectrometric sequencing, endogenous HNE production can only be expected to produce nanomolar concentrations (figure 2). Given the insolubility of these adducts and the low concentrations expected, a mass spectrometry approach to their detection in brain tissue is not yet possible. Therefore, His-HNE antibodies were used to assess the effect of redoxactivity on the quantity of HNE-Aβ adducts formed during Aβ-mediated lipid oxidation. As described above, 50 μM ascorbate and 0.5 μM Cu(II) were added to mixtures containing 10 μM synthetic SAPC vesicles and 25 μM synthetic DMPC vesicles, or 10 μM brain lipid extract vesicles containing 1 μM DMPC, and 5 μM Aβ42 or a redox-inactive Aβ42 variant (32) . After 120 minutes, unreacted HNE was quenched with an equal volume of 100 mM ammonium bicarbonate (pH 7.5) and the entire sample (400 μl) was adsorbed onto nitrocellulose.
Results indicate that immunoblotting with anti-His-HNE was twice as intense with Aβ42 than with redox-inactive variants (figure 8a). A similar increase was observed when vesicles made from human brain lipid extracts were substituted for synthetic lipid vesicles ( figure 8b ). The results demonstrate that HNE is indeed generated during brain lipid oxidation, and that Aβ42 promotes its production, despite an inability to measure free HNE in brain lipids by GC-MS (see above). Therefore, our inability to detect unreacted HNE by GC/MS in human brain lipids was due to reactions that consumed HNE before it was assayed. Representative slot blot data used for the quantification of the anti-His-HNE immunoreactivity towards the adsorbed Aβ proteins are shown in figure 8c. Since Aβ42 was the only protein present in these experiments, this suggests that the nanomolar concentrations of HNE produced in the presence of Aβ42 have modified the His residues of Aβ42. This supports but also contrasts with the aforementioned mass spectrometric demonstration of Aβ40 modification by a molar excess of HNE. Aβ misfolding by HNE -Previously published studies demonstrated that oxidatively damaged polyunsaturated lipid membranes promote both the adsorption of Aβ42 onto lipid membranes and the formation of amyloid fibrils (45;50). Because HNE was a likely component of these membranes, experiments with lipid vesicles and a CR binding assay to measure fibril formation were repeated using HNE and saturated lipid membranes instead of oxidatively damaged unsaturated lipid membranes. For Aβ40, protein and DMPC lipid concentrations were 11 μM; for Aβ42 they were both 2 μM. CR binding was measured at 0, 24, and 48 hours after mixing, and the amount of binding at time 0 in each sample was subtracted from the amount measured at all three times. CR binding to both proteins increased substantially in the absence of HNE, as expected for the protein concentrations used. However, the presence of 3 mole % of HNE in DMPC vesicles increased CR binding to Aβ40 by 3-fold and to Aβ42 by 1.3 fold at 24 hrs. In the case of Aβ40, there was a slight decrease in CR binding from 24 to 48 hours, which may have been due to precipitation of aggregated or fibrillized protein (see supplementary information, data to be published elsewhere).
The same previously published studies also demonstrated that oxidatively damaged polyunsaturated lipid membranes promote a conformational change in Aβ that resembled the conformation of this protein in a mature amyloid fibril. Therefore, the effect of HNE on Aβ conformation was examined by PATIR-FTIR spectroscopy. The injection of 8 μg of Aβ40 or Aβ42 into the 6 ml subphase of a Langmuir trough yields a protein concentration of approximately 300 nM. After a 90 min exposure of a pure DMPC membrane to this subphase, the infrared spectrum of Aβ40 in the amide I' region was broad and featureless (figure 9a), while that of Aβ42 exhibited a small peak at 1625 cm -1 superimposed on a similarly broad spectrum (figure 9b). The addition of sufficient HNE to yield a nominal subphase concentration of 23 μM caused significant increases in amide I' region absorption for both proteins, and either the appearance or enhancement of spectral features characteristic of mature amyloid fibrils, especially enhanced absorption at 1625 cm -1 . For experiments with monolayers made from brain lipid extracts, upgraded instrumentation permitted the study of smaller quantities of protein at lower concentrations. Hence, approximately 2.5 μg of Aβ42 was injected into a 2.5 ml subphase to yield a protein concentration of approximately 230 nM. The amide I' spectrum of Aβ42 that adsorbed to a brain lipid extract monolayer after 125 min exhibited small but clear features of mature amyloid fibrils with an absorption maximum at 1625 cm -1 , and a distinct high frequency shoulder at 1685 cm -1 ( figure 10a ). The addition of 128 μM HNE to the subphase caused a marked increase in absorption at 1625-1630 cm -1 , indicating an increase in membrane-adsorbed protein containing β structure (figure 10b). Simultaneous analysis of three spectra collected in the absence of HNE, and three spectra collected in the presence of HNE over 125 min demonstrates that these spectra may be fitted with components at 1625, 1645, 1664, and 1685 cm -1 , shown as thin lines in figures 10a,b. Quantitative analysis of the 1625 cm -1 component shows that it is significantly increased by HNE ( figure 10c ). This increase occurred at the expense of other components at 1645, 1664, and 1685 cm -1 .
DISCUSSION
Numerous in vivo studies have observed that Aβ promotes oxidative damage (28;30;31;39;51) , and that oxidative damage promotes or at least precedes the aggregation of Aβ into fibrils (21;23;52). Taken together, these results suggest that positive feed-forward mechanisms may exist in which Aβ promotes its own conversion into fibrils. The results reported herein demonstrate that lipid membranes can support such a mechanism using physiologically reasonable reagent concentrations. In figure 8b , for example, brain-derived lipids were treated with 50 μM ascorbate and 0.5 μM copper. Ascorbate concentrations in brain tissue are reported to be 50-100 μM (53) . Copper concentrations in normal brain tissue are also at least 50 μM, and elevated in AD (54) (55) (56) . Virtually all of this copper is protein-bound, and these conditions are mimicked in our experiments by a 10-fold molar excess of Aβ42, which has high affinity for copper (57) . An HNE concentration of 60 nM was sufficient to accelerate fibril formation by Aβ42 in a CR binding assay, while 300 nM HNE was sufficient for Aβ40. These concentrations are far below the HNE concentration of 15 μM found in human ventricular fluid (3) .
The data show that Aβ increases the production of HNE as it promotes oxidative damage (figure 2), that HNE undergoes Michael addition with the three His residues in Aβ40 and Aβ42 (figures 3-6), and that HNE induces Aβ to form β structure (figures 9-10) and amyloid fibrils (see CR binding data in supplementary information). In a brain lipid extract, HNE most likely arises from arachidonoate (20:4) because it is the most abundant ω-6 polyunsaturated fatty acyl chain (58) . These fatty acyl chains undergo a constant low level of nonenzymatic oxidative damage producing isoprostanes (59) and HNE (3), as well as many other products (18) . Since HNE and isoprostanes are both derived from the same precursor via similar chemical reactions, the association between isoprostanes and AD also implicates HNE (7) .
HNE-Aβ may be a significant stimulus to fibril formation in AD, but HNE-Aβ may not ultimately be present in Aβ fibrils if it merely functions as a membrane-bound template for fibril formation. Fibrils that have started growing on such a template need not remain bound to the template, since fibrils can certainly seed continued fibrillogenesis on their own. Even if HNE-Aβ is incorporated into a fibril, there is no a priori reason to expect more than one HNE-Aβ molecule to do so, and methods of sufficient sensitivity have not yet been applied to detect such low concentrations. Likewise, techniques to identify oxidatively modified proteins in AD brain tissue appear to exclude proteins such as Aβ if they have aggregated before analysis (60) .
HNEJ-2 antibodies react with HNE-His epitopes, but these epitopes are not unique to HNE-Aβ. 4G8 and 6E10 antibodies with specificity for Aβ segments, on the other hand, clearly do not react with HNEmodified Aβ ( figure 7) . Therefore, techniques designed to detect extremely low concentrations of HNE-Aβ in fibrils, in a complex membrane environment, and in AD brain tissue in general are needed to define the role of HNE-Aβ in disease pathogenesis.
Our results provide evidence for the relationships between oxidative damage and amyloidogenesis illustrated in figure 11 . Aggregated but nonfibrillar Aβ (Aβ I ), with bound copper ions, have been previously shown to promote lipid peroxidation and HNE production in synthetic lipids (32) , as well as oxidative damage to other compound classes (39;51) . The data presented herein show that Aβ also promote HNE production in human brain lipid extracts ( Figure  8b ). The HNE that is produced modifies soluble Aβ (Aβ S ) and promotes the formation of fibrillar Aβ (Aβ F ). HNE is a highly reactive compound with a short half-life in a chemically diverse environment. A short half-life in brain-derived lipid extracts may explain why oxidative loss of SAPC could be demonstrated in both synthetic and brain-derived lipid vesicles, but free HNE was only detected with synthetic lipid vesicles (figure 2). Low SAPC concentrations in brain lipid extracts may also explain our inability to detect free HNE since the SAPC concentration was 10 μM in synthetic lipid preparations, but only 0.34 μM in brain lipid extracts. With an HNE yield of only 0.13% from SAPC, we would expect less than our 0.5 nM limit of detection to be produced. Nonetheless, immunoblots with anti-HNE-His clearly demonstrate that HNE is produced in brain-derived lipid vesicles (figure 8b).
When Aβ are present, HNE spontaneously forms Michael adducts with one of more of the histidine residues at positions 6, 13, and 14. These results are consistent with an earlier report suggesting that HNE modified Aβ, but did not identify the sites of modification (25) . In principle, HNE may also react with the Lys residues of Aβ, forming either a Michael adduct or a Schiff base. Schiff base formation with a Lys side chain may indeed account for the small peaks 18 amu below the 3 adduct ions in figure 3 . However, numerous attempts to detect Schiff base formation in various proteins have concluded that the extent to which HNE modifies Lys side chains is insignificant compared to the extent to which His side chains are modified (25;47;61-66) . Moreover, immunohistochemical studies have shown that anti-HNE-His antibodies bind to amyloid plaques in AD brain tissue (26) , but anti-HNE-Lys antibodies do not (36) . Thus, an abundance of data suggests that His residues are much more likely than Lys residues to be involved with HNE-mediated mechanisms of amyloidogenesis. The minor peaks in figure 3 most likely represent the loss of H 2 O from HNEHis adducts during desorption and ionization.
All 3 His residues appear to be essential for copper binding and thus, for the prooxidant activity of Aβ (32) . Therefore, we expect that the formation of HNE-Aβ eliminates the prooxidant activity of Aβ, or in terms of figure 11, HNE-Aβ adducts probably cannot form Aβ I /Cu(I). Yet, HNE clearly promotes amyloid fibril formation in a manner that does not require modification of each protein molecule in the fibril. This may be inferred from the CR binding data because given the substoichiometric amounts of HNE present, it is unlikely that CR binding would have been detected if only HNE-modified Aβ had formed into fibrils (see supplementary information). Thus, HNE-Aβ most likely promotes the formation of fibrils by unmodified Aβ, suggesting that HNE-Aβ acts as template. Gangliosides (67) and oxidized cholesterol (23) have also been implicated in such a mechanism.
HNE-Aβ has not been identified in vivo, but HNE and Aβ are present in normal human brain, and our experiments were performed with extracts from normal human brain tissue. Therefore, we should expect to find HNE-Aβ adducts in normal brain tissue, and a quantitative analysis of HNE-Aβ adducts will be required to establish whether normal and AD brain contain different amounts of these adducts. The observation that anti-HNE-His antibodies bind specifically to amyloid plaques in AD brain tissue (26) suggests that there is indeed a difference in either the quantity or distribution of HNE-Aβ adducts between human and AD brain. However, proving that these HNE-His epitopes represent HNE-Aβ adducts, and quantitative analyses of these adducts, will be challenging. If HNE-Aβ adducts function as templates for amyloid fibril formation, they may have significant effects at very low concentrations, and need not be incorporated into any fibrils that form. These adducts are exceedingly hydrophobic, prone to aggregate, and exceedingly difficult to ionize for mass spectrometry. Immunoprecipitation is not feasible because modification by HNE appears to thwart recognition by common Aβ antibodies ( figure 7) . Therefore, it is not surprising that HNE-Aβ has not been detected by others using these antibodies for capture and mass spectrometry (68) (69) (70) (71) (72) (73) . In principle, the proteomics approach of Butterfield for identifying oxidatively modified proteins could identify HNE-Aβ, however insoluble proteins are removed before analysis (60) .
An important question remains unanswered at this point, namely whether HNE-Aβ promotes the formation of the prooxidant Aβ I /Cu complex. If so, then positive feedback may occur whereby HNE-Aβ promotes the formation of Aβ I /Cu(I), and this complex in turn promotes the formation of HNE-Aβ. The operation of a positive feedback loop in NT2 cells is supported by reports from other laboratories indicating that oligomeric but nonfibrillar Aβ42 increases HNE production, while HNE and fibrillar Aβ42 both increase Aβ42 production by inducing BACE-1 expression and activity (74) (75) (76) . Oxidative stress also appears to alter levels of amyloid β precursor protein and increase Aβ production (77) (78) (79) (80) . Thus, additional relationships are likely to exist between the entities represented in figure 11 .
An important related question is whether Aβ I is "on-path" to the formation of fibrillar Aβ F from soluble Aβ S . If so, then Aβ I is likely to be a component of the aforementioned positive feedback loop. If not, then the diversion of Aβ S to the formation of Aβ F instead of Aβ I may protect cells from the formation of prooxidant activity of Aβ I (81) . Therefore, further characterization of Aβ I , and its role in vivo is of great interest. Yet another important question is whether lipid membranes have a role in amyloidogenesis apart from being a substrate for HNE production. We note that Aβ42 is more likely than Aβ40 to interact with oxidatively damaged membranes (82) , and that Aβ42 promotes oxidative damage by concentrating redox-active metal ions in the vicinity of the membrane (32) . Lipid membranes concentrate the molecular oxygen required for these reactions, and may be required to stabilize HNE-modified Aβ in a conformation that seeds misfolding.
The scheme illustrated in figure 11 has components in common with "vicious" cycles implicated by others in the pathogenesis of AD (83;84 
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